The recently reported metalation/transmetalation route for the synthesis of CCC-bis(NHC) pincer ligand supported transition-metal complexes was extended to Pt. 2-(1,3-Bis(N-butylimidazol-2-ylidene)phenylene)(chloro)-platinum(II) (1) and its bromo analogue 2 were synthesized and characterized. X-ray crystal structure determinations revealed complexes 1 and 2 to have distorted-square-planar configurations around the metal. Photophysical and thermal properties of these complexes are reported, and their extended photostability in air is discussed and contrasted. Density functional theory (DFT) and time-dependent density functional theory (TD-DFT) computations of the ground state and various low-lying excited states have revealed admixing of Pt 5d orbitals and the ligand π* orbitals for both the ground state and the low-lying excited states of complex 1, indicating the low-lying states to be a mixture of metal-to-ligand charge-transfer and ligand-centered transition (MLCT-LC). Somewhat surprisingly, the computed gas-phase geometry of the excited state of complex 1 had a significant distortion, mostly about the C aryl −Pt−Cl angle. These complexes were congeners of materials for organic light emitting diodes (OLEDs).
■ INTRODUCTION
The development of new molecular architectures to impart desired physical and chemical properties has been an area of highly active research. Specifically, stable carbenes have drawn intense attention, in spite of their relatively short history. 1 The special stability of N-heterocyclic carbenes (NHCs) was established with the first report of the X-ray crystallographically determined molecular structure by Arduengo and co-workers.
1b, 2 The dramatic importance of the nitrogen substituents was further demonstrated when Alder and co-workers reported the X-ray crystal structure of an acyclic diamido carbene. 3 The applications of NHCs have blossomed since the 1991 report, and these compounds have been widely established as strong ligands for transition metals.
1c,4 Numerous applications to catalytic organic transformations have been demonstrated, including olefin metathesis, 5 Pd cross-coupling reactions such as the Heck, 6 Suzuki−Miyaura, 7 Negishi, 8 Sonogashira, 9 Buchwald− Hartwig, 7c,10 and many more. 11 In addition, they have been demonstrated to catalyze C−heteroatom bond forming reactions such as C−N, 10, 12 C−Si, 13 and C−O. 14 Furthermore, their photophysical properties have been explored for materials applications. 15 Besides serving as excellent ligands to transition metals, NHCs have been demonstrated to be organocatalysts for the benzoin condensation, 16 Stetter reaction, 17 and more. 18 Pincer ligands have been one of the most widely investigated and applied architectures in modern organometallic chemistry. 19 The confluence of NHCs and pincer ligand chemistry has seen much activity in recent years. 20 The aryl-bridged bis(NHC)-pincer ligands consist of four major classes, depending on the atoms making the bonds to the metal and the linker between the aryl and NHC groups (Scheme 1). The xylylenebridged C ∧ C ∧ C-NHC (type A) 21 and 2,6-lutidinyl bridged C ∧ N ∧ C-NHC (type C) 20b,21c,22 pincer complexes are usually found to have C 2 symmetry due to the CH 2 spacer. The phenylene-bridged CCC-NHC (type B) 23 and pyridylene-bridged CNC-NHC (type D) 20b,c,24 pincer complexes normally have higher symmetry and adopt a C 2v geometry. We introduced the class of phenylene-bridged CCC-bis(NHC) pincer ligand systems, 23 and others have also begun exploring this architecture. 25 The impact of molecular inorganic and organometallic compounds in photonic applications has been growing rapidly. Recent reports have illustrated their importance in developments for artificial photosynthesis, 26 photocatalytic splitting of water, 27 solar cell applications, 28 organic light-emitting diodes (OLEDs), 29 and photoluminescence. 15a,h,30 A recent paper detailed the pyridylene CNC-bis(NHC) pincer ligand Pt system and its photoluminescence. 31 We report herein the development and characterization of square-planar Pt II CCC-NHC phenylenebridged pincer complexes 1 and 2 and their properties. To understand the nature of the observed transitions, we describe the application of theoretical methods (DFT) to explore the geometric and electronic properties of the ground state and excited state (both vertical and adiabatic transitions).
■ RESULT AND DISCUSSION
Synthesis and Characterization. The CCC-NHC pincer ligand precursors were synthesized according to the literature. 23, 32 Simultaneous activation of the three C−H bonds of the tridentate ligand was achieved through the well-established basicity and electrophilicity of Zr(NMe 2 ) 4 . 23, 33 A Pt(II) source was added to the in situ prepared Zr reagent to achieve transmetalation (Scheme 2). All reactions were carried out at room temperature under an inert atmosphere. When transmetalation was complete, water was added, and excess Zr reagent was decomposed and precipitated. The identity of each complex was established by 1 H and 13 C NMR spectroscopy, ESI-MS, and elemental analysis (see the Experimental Section). Two of the primary observations in the 1 H NMR spectra were the disappearance of the imidazolium protons (11.27 ppm, 2H) and an aryl H (8.96 ppm The ESI-MS of the Pt-Cl complex 1 revealed the molecular ion plus Na (575 Da). The molecular ion was observed for the Pt-Br complex 2 (595 Da). The experimental values for the CHN analyses of both complexes were within an acceptable range.
X-ray-quality crystals of chloro complex 1 were obtained by slow diffusion of Et 2 O into a CH 2 Cl 2 solution. X-ray-quality crystals of bromo complex 2 were observed after transmetalation and were collected from the reaction mixture. ORTEP representations of the molecular structures of 1 and 2 are depicted in Figure 1 . 35 Selected bond distances and angles for complexes 1 and 2 are given in Table 1 and are consistent with those for previously reported Pt(II) complexes. 31,34a,36 The structural data for the pyridylene-bridged CNC analogue have been listed for comparison. 31 The structures of complexes 1 and 2 are similar. The Pt−C carbene bond distances in chloro complex 1 (2.030(3) and 2.035(3) Å) and in bromo complex 2 (2.037(6) and 2.036(6) Å) fall into the range observed for neutral and cationic Pt(II) pincer complexes. 31,34a,36 Both complexes display distorted-square-planar configurations at the metal center, which has been commonly seen for four-coordinate Pt(II) complexes.
34a, 36 The C7−Pt It was possible to compare the metric data for Pt−Cl complex 1 to those for its pyridylene-bridged CNC analogue. The Pt−C aryl bond length of complex 1 (1.941(3) Å) was slightly shorter (∼0.025 Å) than the Pt−N bond length of the pyridylene-bridged CNC complex, while the Pt−C NHC bonds of complex 1 were about 0.06 Å longer. 31 On comparison of the Pt−Cl bond distances, a greater trans influence of the C aryl anionic ligand was notable in the longer bond length (2.3997(7) Å vs 2.278(2) Å, Table 1 ). Other metric data for the two compounds were very similar.
Photophysical Studies. Complexes 1 and 2 were found to emit blue light with UV stimulation. Their absorption and emission data in MeOH solution have been included in Table 2 and Figure 2a . In MeOH solution, the UV absorption spectra of complexes 1 and 2 were nearly identical. Both exhibited a major absorption peak around 265 nm and minor peaks near 323 and 355 nm, which were ascribed as mixed metal to ligand charge transfer and ligand centered (MLCT-LC) transitions. 37 The d−d transitions that lead to absorption peaks above 400 nm with significant strength were consistent with a distorted-squareplanar configuration of each complex. 38 The emission spectra of complexes 1 and 2 were very similar, except for the ratio of major peaks (Figure 2a ). Observed solution quantum efficiencies were 1.3% for complex 1 and 1.5% for complex 2 ( Table 2) . Lifetimes of excited states in methanol solutions were 210 ns for complex 1 and 1.7 μs for complex 2, which was comparable to those for organometallic complexes with related structures. In the solid state, the strong blue emission of complexes 1 and 2 varies only slightly (Figure 2b ). While sharing λ max at 472 nm, complex 2 had a more intense shoulder peak at 455 nm, which suggested a Pt to halogen interaction was involved in the emission process. The emission curves extended to about 600 nm, but the sharp drop after the peak at ∼480 nm gave the complexes a pure blue color. In comparison to the pyridinebridged analogue reported by Lee et al., 31 complexes 1 and 2 gave relatively narrow emission peaks (half peak width of ∼50 nm), and they were blue-shifted 100−150 nm. Decay of the excited state of complexes 1 and 2 in the solid state exhibited a biexponential pattern. The lifetimes of excited states of 1 (0.19 and 1.7 μs) and 2 (0.19 and 1.9 μs) are comparable to those of other known organometallic complexes.
15c,39 No difference in lifetime was observed between ambient and vacuum (10 −5 Torr) conditions for the solid state. Thermophysical Studies. Thermal stability is crucial to OLED emitter candidates. The thermal properties of complexes 1 and 2 were investigated by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). It was found that the compounds melted at approximately 280°C and remained as supercooled liquids over a large temperature range. The 10% weight loss temperatures (T Δ10% ) were about 380°C (see the Supporting Information). Notably, complexes 1 and 2 evaporated and deposited on the glass wall of the furnace. Spectroscopic analysis of the residues (fluorescent, NMR, and ESI-MS) indicated the compounds remained unchanged.
Photostability in Air. Previous studies on Pt NHC complexes suggested that their emissions could be stable under an inert atmosphere over an extended period of time. 15c,40 Interestingly, the emissions of complexes 1 and 2 were found to be stable even under an ambient atmosphere (room temperature and 30−50% humidity). Time-resolved emission spectra of 1 and 2 are presented in Figure 3 . The authentic blue λ max (472 nm) of complexes 1 and 2 retained >97% intensity over 6 h of continuous irradiation. The shape of the spectra remained unvaried during the Table 3 ). These data indicated that complexes 1 and 2 did not photobleach in air with UV irradiation.
The photostability test under N 2 and ambient atmosphere was also carried out on four commercially available emitters:
(8-hydroxyquinoline)zinc (Znq 2 ), 43 and lithium tetrakis(2-methyl-8-hydroxyquinolinato)boron (LBMQ) 44 (Scheme 3). Three of the emitters, Alq 3 , Znq 2 , and LBMQ, were found to be stable to photoexcitation under nitrogen (no significant loss of emission intensity after 6 h). Ir(dfppy) 3 showed significant loss of intensity of λ max (29%) after 6 h of photoexcitation under the same conditions. When these commercially available complexes were irradiated under ambient atmosphere, moderate to severe photobleaching was observed. Ir(dfppy) 3 exhibited a loss of more than half of its initial emission strength and a visible darkening on the irradiated surface after only 1 h (Table 3) . When significant photobleaching (>10%) was observed under any conditions, a control experiment was carried out to calibrate the contribution to decomposition from other pathways. In the control experiment, the initial emission spectrum A was collected and the analyte was then kept under the same conditions with the radiation beam blocked. After 1 h the irradiation was resumed and another emission spectrum B was taken. The loss of emission intensity between spectra A and B was ascribed to the sum of decompositions through all other pathways. Since each spectrum took ∼2 min to accumulate, a significant measurement-induced photobleaching was observed for the less photostable analytes (Figures S1 and S2, Supporting Information). An exponential fitting based on the decay curve was applied to retrieve the photobleaching during the initial 2 min irradiation. After 1 h in the dark all compounds were found to undergo <1% decomposition, which confirms a direct correlation between photobleaching and loss of emission strength. On comparison of the pincer Pt(II) complexes 1 and 2 and the four commercially available emitters, these observations indicated that the Pt complexes were much more photostable under an ambient atmosphere.
Computational Studies. The pincer Pt(II) complexes were modeled by DFT and TD-DFT methods to better understand the observed photophysical properties. 45 Previously, Halls and Schlegel employed a somewhat similar approach to study the first excited states of tris(8-hydroxyquinoline)aluminum(III) (Alq 3 ). 46 Additionally, Rocha, Martin, Batista, and co-workers successfully used DFT/TD-DFT theoretical methods and experimental approaches to study the electronic structure and spectroscopic properties of ruthenium polypyridyl complexes. 47 In our calculations the structure of Pt-Cl complex 1 was simplified to structure 3 by replacing the two butyl groups with methyl groups. The computationally predicted ground-state geometry of 3 was in very good agreement with the geometric results from the experimental X-ray crystallography of 1. The rms deviation of the 20 heavy atoms was 0.047 Å.
The absorbance and fluorescence spectra for CCC Me -NHCPt II -Cl (3) were computed using the optimized molecular structure (Figure 4) . The simulated absorption of structure 3 matched the experimental data of complex 1 in the energy range (230−380 nm). However, the calculated emission spectrum of the optimized planar excited-state geometry was very different from the experimental result (compare Figure 2a vs Figure 4 (×)), indicating that the planar excited state of the molecule was not the major radiative state.
Further TD-DFT calculations revealed that although CCC Me -NHC-Pt II -Cl (3) adopts a distorted-square-planar configuration at the ground state, constraining the first singlet excited electronic state to the C 2v point group symmetry actually leads to a transition state. The imaginary vibrational mode (ω e = 58.7i) corresponded to the Cl atom and the sides of the two pincer ligand asymmetrically bending out of the C 2v plane. When performing a TD-DFT geometry optimization of the first excited state in C s symmetry, the Cl atom bent out of plane significantly (C aryl −Pt−Cl = 93°). HOMO and LUMO diagrams (Kohn−Sham orbitals) of the planar ground state and the optimized C s -symmetric excited state are included in Figure 5 . In the ground state, significant admixture among the d orbitals of Pt, the 3p orbital of Cl, and the ligand π orbital was observed in both the HOMO and LUMO (Figure 5a,b) . In the excited state, the Cl atom bends out of the molecular plane along the C aryl − Pt−Cl axis, leading to C s symmetry (Figure 5c−f) . The molecular orbitals are highly localized around the Pt and Cl atoms.
An emission spectrum was calculated on the basis of the optimized C s geometry for the bent singlet excited state (S 1 ). The S 1 emission spectrum ( Figure 6 (×) ) was much closer to the observed one (Figure 2) . S 1 and the optimized C s geometry for the bent triplet excited state (T 1 ) are quite similar. 48 The simulated spectrum suggested an emission from 380 to 510 nm with three major peaks at 390, 445, and 490 nm. This result matched the experimental data very well in the energy range and in having three maxima. The simulated absorbance spectrum is included in Figure 6 . Compare the computed emission spectra of the planar C 2v and bent C s structuresthe computed emission spectrum of the planar structure has only a small red shift, while the computed emission spectrum of the distorted structure has a much larger red shift. In the bent C s excited state, the HOMO−LUMO transition loses almost all of its intensity and moves to around 1200 nm (see the Supporting Information). Also, in the bent C s excited state, the first transition with appreciable intensity in the visible region was the third computed singlet electronic excitation.
Closer examination of molecular orbitals of CCC Me -NHC-Pt II -Cl (3) revealed a decrease in the HOMO−LUMO gap when the Cl atom was distorted out of the molecular plane. A Walsh-like diagram of the ground-state orbital energies versus constrained C aryl −Pt−Cl angle at the TD-DFT S 1 excited-state geometries is included in Figure 7 . This diagram demonstrates that the HOMO is more destabilized than the LUMO is stabilized as the geometry changes from the planar C 2v structure to the bent C s structure. The energies in the Walsh-like diagram demonstrate the large red shift in the emission spectrum; the geometric distortion contributed to this red shift. In the C s structure, there is a drastic change in the HOMO shape, as ligand π character is removed when the C aryl −Pt−Cl angle is bent away from 180°. The p orbital of the chlorine, which has lone pair character (slightly antibonding) in the planar structure, becomes strongly Pt−Cl antibonding (σ*) in the C s bent structure. In the LUMO, as the C aryl −Pt−Cl angle is bent away from 180°, the bent chlorine retains much of the p lone pair character but creates a small "divot" in the Pt−Cl π character. In the bent structure, both the HOMO and the LUMO have a large amount of nonbonding metal d orbital character. This unique geometric change during the electronic transition may contribute to the air stability and photostability of the complex.
■ CONCLUSION
The synthesis and characterization of the two novel CCC-NHC pincer Pt(II) complexes 1 and 2 have been reported. They display distorted-square-planar configurations, as expected for d 8 four-coordinated transition-metal compounds. Complexes 1 and 2 were found to emit bright blue light in the solid state under UV irradiation with emissions that are stable under an ambient atmosphere (O 2 and H 2 O) for extended periods. At the same time, they were found to be thermally stable under an N 2 atmosphere upon evaporation, which suggests that they would be suitable for thermodeposition processing. Computational studies of the complexes illustrated the details of the molecular orbitals and the electronic transitions involved in the photophysical processes. Somewhat surprisingly, the computed gas-phase geometry of the excited state of model 3 displays a significant amount of geometric distortion, mostly about the C aryl −Pt−Cl angle.
■ EXPERIMENTAL SECTION
General Procedures. All starting materials were purchased from Sigma-Aldrich, Fisher Scientific, or Strem. The reagents were used as received unless otherwise mentioned. All solvents were dried and were degassed by passing through a basic alumina column under Ar protection. 50 All reactions involving organometallic reagents were carried out under a N 2 or Ar atmosphere using standard glovebox and Schlenk line techniques. NMR spectra were collected using a Bruker Avance 300 or 500 spectrometer and were referenced to the residual solvent peak (δ in ppm, J in Hz). Electrospray ionization mass spectra were collected using a Waters Micromass ZQ mass spectrometer. Elemental analyses were carried out by Columbia Analytical Service or on a PerkinElmer 2400 Series II CHNS/O analyzer. UV−visible absorption spectra were collected using a HP 8453 UV−visible system. Emission spectra were collected using a PerkinElmer LS 55 fluorescence spectrometer. Photostability studies were carried out by exposing the solid sample to 355 nm radiation. The light source was a xenon lamp, and the detector was a photodiode array placed behind a filter next to the sample chamber. Lifetime measurements were carried out using 10 Hz pulsed 355 nm Nd:YAG laser output as the pumping source and a photomultiplier tube as the detector. TGA/DSC data were collected on PerkinElmer Pyris 1 TGA/DSC 4000, with nitrogen flow at 20 mL/min and temperature gradient set at 20°C/min.
2-(1,3-Bis(N-butylimidazol-2-ylidene)phenylene)(chloro)-platinum(II) (1). 1,3-Bis(1-butylimidazolium-3-yl)benzene dichloride (0.20 g, 0.50 mmol), tetrakis(dimethylamino)zirconium (0.17 g, 0.63 mmol), and CH 2 Cl 2 (∼4.0 mL) were combined. The mixture was stirred for 1 h at room temperature to afford a red solution.
[Pt(COD)Cl 2 ] (0.19 g, 0.50 mmol) was added, and the mixture was stirred vigorously at room temperature for 6 h. The reaction mixture was transferred to a round-bottom flask that contained 1 mL of distilled water, and the precipitate was removed by filtration. The filtrate was concentrated under vacuum to afford a yellow solid.
The solid was washed with water (2 × 1 mL), cold CH 2 Cl 2 (2 × 1 mL), and Et 2 O (3 × 3 mL) and was dried under vacuum, yielding a yellow crystalline solid (0.13 g, 50%). X-ray-quality crystals were grown by slow diffusion of diethyl ether vapor into a CH 2 Cl 2 solution of 1.
1 H NMR (CD 2 Cl 2 ; 300.132 MHz): δ 7.40 (dd, 2H, J = 2.0 Hz, J = 9.0 Hz, imid), 7.01 (dd, 2H, J = 2.0 Hz, J = 9.0 Hz, imid), 7.16 (t, 1H, J = 7.8 Hz, p-Ph), 6 .93 (dd, 2H, J = 8.0 Hz, 4 J Pt−H = 16.1 Hz, m-Ph), 4.69 (t, 4H, J = 7.3 Hz, NCH 2 ), 1.86 (quintet, 4H, J = 7.5 Hz), 1.45 (sextet, 4H, J = 7.7 Hz), 0.97 (t, 6H, J = 7.4 Hz). 2-(1,3-Bis(N-butylimidazol-2-ylidene)phenylene)(bromo)-platinum(II) (2). 1,3-Bis(1-butylimidazolium-3-yl)benzene dibromide (0.48 g, 1.0 mmol), tetrakis(dimethylamino)zirconium (0.32 g, 1.2 mmol), and THF (10 mL) were stirred for 1 h at room temperature, yielding a cloudy suspension. [Pt(COD)Br 2 ] (0.463 g, 1.0 mmol) was added, and the reaction mixture was stirred at room temperature for 8 h, yielding a cloudy yellow suspension. After standing for 10 min, a yellow precipitate was observed with a clear reddish supernatant liquid. The precipitate was collected and washed with toluene (3 × 3 mL), yielding an analytically pure yellow solid (0.242 g, 52%). Some of the solid was directly used for X-ray crystallography. X-ray Crystallography. X-ray-quality crystals of 1 and 2 were mounted atop fine glass fibers. Diffraction experiments were performed on an Oxford Diffraction Systems Gemini S diffractometer with Mo Kα radiation (λ = 0.710 73 Å) at 298 K. The structures were solved and refined using the SHELX suite of programs.
Computational Details. Most of the presented theoretical calculations were carried out using the Gaussian09 51 implementation of B3LYP (the B3 exchange functional 52 and LYP correlation functional) 53 density functional theory (DFT), 54 using the default pruned fine grids for energies (75, 302), default pruned coarse grids for gradients and Hessians (35, 110) (neither grid was pruned for platinum), and nondefault SCF convergence for geometry optimizations (10 −6 ). Excited states were geometry optimized using analytical gradients 55 with time-dependent density functional theory (TD-DFT) 56 calculations. TD-DFT geometry optimizations were performed for the first three excited singlet states. In most cases, 20 singlet excitations were solved iteratively (TD(ROOT=X, NSTATES=20), where X was the root number). However, in cases where during the optimization the Davidson iterative solution of the excitations failed to converge, 40 singlet excitations were solved iteratively. Symmetry was disabled during all excited-state geometry optimizations; however, the S 1 geometry was optimized to have C s symmetry. For TD-DFT optimizations, the default convergence criteria for the energy (10 −6 ) and nondefault convergence criteria for the wave function (10 −6 ) were used. The C aryl −Pt−Cl angle was constrained (from the S 1 optimized angle of 93.31°to 180°) in a series of TD-DFT optimizations for the first root. A Walsh-like diagram was constructed from the groundstate orbital energies at the TD-DFT excited-state geometries. All calculations were conducted with the same basis set combination. The basis set for platinum was the Hay and Wadt basis set and effective core potential (ECP) combination (LanL2DZ) 57 as modified by Couty and Hall, where the two outermost p functions have been replaced by a (41) split of the optimized platinum 6p functions. 58 The 6-31G(d′) basis sets 59 were used for all other atoms. Spherical harmonic d functions were used throughout; i.e., there are five angular basis functions In all computations, the n-butyl group of the ligand was trimmed to methyl. All structures were fully optimized, and frequency calculations (analytical for DFT and numerical for TD-DFT) were performed on all ground and select excited-state structures to ensure that either a zeroth-order saddle point (a local minimum) or a first-order saddle point was achieved. To analyze the electronic structure of the TD-DFT excited states on roots with high oscillator strength, a natural transition orbital (NTO) analysis 60 was performed. The NTO analysis diagonalized the transition density matrix and gave a representation of the electronic excitation in terms of a single excited particle and empty hole. While the ordering of the natural transition orbitals was slightly different from that of the ground state molecular orbitals, the NTOs and MOs appeared to be qualitatively similar. All molecular orbital plots represented in the article are ground-state Kohn−Sham orbitals at either the ground-state or excitedstate geometries. The computed absorption spectrum was calculated from the vertical transitions obtained from TD-DFT single-point calculations on the optimized ground-state geometry. The geometry optimization from the vertical excitation from the ground state produced a transition state (verified by a numerical frequency calculation) that perturbed the C aryl −Pt−Cl angle away from 180°. The computed emission spectrum was calculated using the fully optimized, minimum-energy geometry of the S 1 excited state. The computationally derived absorption and emission spectra were simulated with an in-house Fortran program by convoluting 61 the computed excitation energies and computed oscillator strengths with a Gaussian line shape and a broadening of 20 nm.
In order to investigate the possibility that the observed emission spectrum comes from the planar triplet excited state, we computed spectra including spin−orbit coupling. PBE (the PBE exchange correction and correlation correction 62 ) density functional theory 54 computations were performed with the Amsterdam Density Functional program (ADF, version 2008.01).
63 ADF uses Slater-type orbital (STO) basis sets rather than Gaussian-type orbitals (GTO) and contains a density fitting procedure using auxiliary functions (fit functions) for the evaluation of the Coulomb potential and molecular density. All reported ADF calculations used gradient corrections to the LDA (local density approximation) density functional energy during the SCF, utilized a single-point grid accuracy factor (4.0), and used the default SCF convergence (10 −8 ). Relativistic effects were treated with the zeroth-order regular approximation (ZORA) 64 with the default sum of atoms potential approximation (SAPA) potential. 65 The frozen core approximation was used. The basis set used in ADF calculations utilized the standard ADF ZORA TZ2P basis sets for all atoms (an uncontracted triple-ζ STO basis set with two polarization functions). ADF ZORA basis sets have been optimized for use within ZORA relativistic calculations. Excitation energies were computed with time-dependent density functional theory (TD-DFT) 66 with a Hamiltonian that includes spin−orbit coupling (i.e., spin−orbit coupling is included self-consistently in the wave function). 67 All geometries used in ADF calculations were from Gaussian 09 optimizations. A description of these results is included in the Supporting Information. Molecular orbitals in Figure 5 were visualized with JIMP 2. 
